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A B S T R A C T   
Glass Fibre Reinforced Polymer (GFRP) composite wrap has become an effective repair system for 
deteriorated structural columns. It is essential to provide an infill material in the gap between the 
retrofitted column and the GFRP wrap. So, the properties of the infill material can significantly 
influence the contribution of these wraps and thus, can affect the overall performance of the 
retrofitted structure. However, the research on the effect of GFRP confinement on infill materials 
with various properties is still limited. This study explores the effectiveness of the GFRP wrapping 
system and its contribution to the axial compression behaviour of concrete, grout and epoxy infill 
materials. A total of 18 unconfined and GFRP-wrapped cylindrical columns were cast and tested 
under concentric axial compression loading. A finite element (FE) modelling was implemented 
using ABAQUS software to analyse the compression behaviour of GFRP-wrapped infill materials. 
The experimental results demonstrated that the confinement effect of the GFRP wrapping system 
is highly influenced by the properties of the infill material. The compressive strength and modulus 
of elasticity significantly increased due to GFRP wrapping by 149 % and 77 %, respectively for 
concrete infill, and by 40 % and 72 %, respectively for grout infill whereas negligible confinement 
efficiency observed in wrapped epoxy infill. The FE analyses showed a good correlation with the 
experimental results in predicting the overall compressive behaviour of the various infill mate-
rials. This study demonstrates valuable insights on the confinement effect of GFRP wraps in the 
repair of columns involving infill materials which therefore could be employed to better under-
stand the overall behaviour of columns retrofitted with GFRP wrapping systems.   
1. Introduction 
Columns are one of the most important structural elements due to their essential purpose of carrying axial loads and bending 
moments. Deficiency in various structural columns is initiated due to many reasons such as loss of reinforcement due to corrosion, lack 
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of concrete confinement, variations between service loading and the design loading, and also due to the exposure of columns to various 
environmental effects [1]. For example, development of cracks can initiate corrosion of steel reinforcement due to water ingress and 
this eventually leads to the internal disruption, strength reduction or failure of the structure [2–4]. In addition, the cost of rehabili-
tation is a main concern, which significantly impacts the economy of countries. In the Unites States, the bridge rehabilitation costs have 
been recently estimated to be $123 billion [5]. Also, the Australian Federal Government allocated approximately $ 550 million to 
bridge maintenance and rehabilitation for the year 2015/16 [6]. Therefore, all deteriorated columns must be repaired, replaced or 
retrofitted using cost effective and structurally efficient rehabilitation techniques in order to maintain their serviceability and strength 
requirements. In last decades, various and effective techniques have been implemented to retrofit columns such as jacketing [7]. 
Concrete jacketing is relatively effective in increasing the strength and stiffness of concrete columns [8] but can significantly increase 
the size of the structural element and hence the dead load [9]. Steel jacketing is also effective in enhancing column behaviour with 
slight increase in stiffness [10]. However, steel jackets corrode, cause premature debonding of steel from concrete substrate and in-
crease the self-weight of the structure [1,9,11]. In recent decades, Fibre Reinforced Polymer (FRP) composites have been widely used 
as an effective retrofitting technique in improving structural behaviour of defective structures [9,12–14]. This is due to their favorable 
properties such as high strength, corrosion resistance, large creep strain, high fatigue resistance, less weight comparing to steel repairs 
and ease in installation [1,15]. The use of prefabricated FRP jackets has been preferred over the conventional FRP wrapping due to the 
ease of installation, placing the jacket around the damaged structure and also working as a permanent formwork [16], however, the 
prefabricated wrapping systems require an appropriate grout material to fill the gap between the column and surrounding jacket. In 
previous research studies, various types of FRP jacketing systems with various infill materials have been developed to study the overall 
behaviour of various structural columns such as the use of the shrinkage-compensating cement mortar [17], underwater cementitious 
grout and crane rail grout [18], resin and grout [19], reactive powder concrete [20], self-consolidating concrete [21], cementitious 
grout [22], high and normal strength concrete [23] and expansive concrete [24]. However, the previous studies focused on the ef-
ficiency of infills on the structural performance while no specific consideration was employed to the contribution of FRP wrapping to 
the used infill materials. 
On the other hand, limited studies have focused on the effect of FRP wrapping system on the performance of materials having 
different properties. The effect of concrete, cementitious grout and epoxy infills on the structural behaviour of prefabricated GFRP 
jackets with thickness of 3 mm was investigated by Mohammed et al. [16]. Their results revealed that the behaviour of the structural 
system is highly influenced by the modulus of elasticity and compressive strength of the infill material. However, the results of the 
previous study are limited to the prefabricated GFRP jackets with fibres oriented in a stacking sequence of (±45 ◦) with respect to the 
hoop direction. Vincent and Ozbakkaloglu [25] concluded that strength and strain enhancement ratios due to carbon FRP confinement 
decrease as the concrete compressive strength increases. This was referred to the increased concrete brittleness with increasing of 
strength. Also, Shamsuddoha et al. [26] indicated that the mechanical and thermal properties of the grouts are critical to their ap-
plications as infill materials in structural repairs. Zohrevand and Mirmiran [27] studied the confinement effectiveness of FRP tubes 
made of unidirectional FRP composites on the performance of the ultra-high performance concrete cylinders. The authors concluded 
that the confinement of the ultra-high concrete using FRP tubes could be more efficient than that for conventional concrete due to the 
improved dilation capacity. Other studies such as Alrshoudi et al. [28] reported a variation in stress-strain behaviour upon the change 
of concrete type and FRP confinement configuration. Thus, the properties and types of infill materials and FRP wraps such as thickness 
and orientation of fibers can deploy a significant role in the performance of retrofitted structural columns. In spite of majority of studies 
considered the efficiency of FRP wrapping on different concrete materials, very few studies have been considered to investigate other 
infill materials. Additionally, the behaviour of FRP-wrapped concrete columns and bonding mechanism using finite element (FE) 
analysis has been widely investigated and it has been found that mechanical properties of FRP material such as modulus of elasticity 
and Poisson’s ratio can govern the behaviour [29]. Moreover, an accurate FE analyses can efficiently reduce time and cost needed to 
conduct experimental work [30]. Among the various available FE software packages, the Abaqus software has been commonly used by 
researchers [31–35] to model concrete structures due to the availability of the damaged-concrete plasticity models, particularly the 
concrete damaged plasticity model which provides a capability of modelling concrete and other quasi-brittle materials in all types of 
structures such as beams, trusses, shells and solids. Also, this model uses concepts of isotropic damaged elasticity in combination with 
isotropic tensile and compressive plasticity to represent the inelastic behaviour of concrete. Nevertheless, modelling the performance 
of reinforced concrete columns wrapped with FRP has been extensively studied and several parameters were classified to have a 
significant influence on the overall structural performance [36–43]. Although most studies focused on modelling the confinement 
effect of the FRP composite on concrete structures subjected to axial compression loading [25,41,44–47], a few studies have 
considered modelling the structural contribution of GFRP composites to the behaviour of infill materials with different compressive 
strength and modulus of elasticity [16]. Ehsani [48] elaborated the advantages of using thin bidirectional GFRP wraps such as Pile-
medic™ super laminates for repairing of concrete and steel columns, pipes and underwater columns. The use of such thin prefabricated 
wraps produces a high performance repair system for rapid retrofitting of existing structures [21,24]. The use of this type of GFRP 
laminates is characterized by its rehabilitation applicability to a wide range of construction materials including concrete, steel and 
timber due to the efficiency in providing 360 ◦ confining pressure and not containing metallic hardware [49]. In real practices, an infill 
material such as resin or expansive grout must be provided to complete the retrofitting system. The properties of the infill materials are 
important to ensure stress distributions and load transfer. To date, however, no studies have evaluated the effectiveness of these 
bidirectional thin laminates on the axial behaviour of materials with different properties and concerns are raised about the influence of 
the properties of infill materials on the performance of such novel GFRP wrap. Hence, it is important to study their contribution to the 
axial behaviour of a variety of infill materials such as the predominantly used grout and epoxy materials to ensure that the seamless 
shell provides the much-needed confinement. 
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Due to limited studies that consider the contribution of GFRP wrapping to the axial behaviour of various infill materials, this study 
examines experimentally and numerically the effectiveness of Pilemedic™ GFRP composite [50] and its contribution to the axial 
compression behaviour of concrete, grout and epoxy infill materials. The GFRP laminate used in this study is a thin commercialized 
product and characterized by providing a seamless shell around the repaired existing columns. The experimental investigation results 
on the confinement contribution of GFRP wrapping to the axial compression behaviour of the three different infills have been pre-
sented. In addition, the FE analysis using ABAQUS is evaluated and validated with experimental results. The numerical results have 
shown a good agreement compared to experimental results of the various GFRP wrapped infills. Furthermore, a parametric study is 
conducted to study the effect of the thickness of GFRP and diameter of infill on the axial stress-strain behaviour. 
2. Characterization of the GFRP-wrapping repair system 
2.1. GFRP testing program 
PileMedic™ PLG60.60 laminates [50] consist of bidirectional (0 ◦,90 ◦) fibres and resin, and their inherent feature compared to 
other laminates used in the past is their extremely thin nature and their high tensile strength to be 3–10 times higher than the other 
available pile jackets [51]. The fibres are oriented and distributed equally in both longitudinal and transverse directions while the resin 
is a non-toxic and odorless. In this testing program, the laminates were characterized using burnout, tension and shear tests following 
the ISO and ASTM test standards as shown in Table 1. Test samples were cut from a large sheet of GFRP laminate using a water 
jet-cutting machine and tests were carried out to establish the laminate properties including peak strength, modulus of elasticity and 
fibre content. 
Burnout testing was conducted on five samples (Fig. 1). The test was performed to determine the glass fibre content and the 
stacking sequence of the GFRP laminates. The crucibles were initially weighed (m1) and then the samples were placed in the crucibles 
and weighed (m2). After that, the crucibles with the samples were placed in a ventilated drying furnace at 105 ◦C temperature. The 
samples were weighed frequently until a constant mass was reached. Finally, the weight of the crucibles with the residue after 




× 100 (1) 
Tensile testing was carried out on GFRP coupon samples of an average thickness of 0.75 mm and was conducted on five coupons 
which were cut into prism shapes from longitudinal and transverse directions. As recommended by standards, tabs of 50 mm length 
and 25 mm width were glued at both ends of the tested coupons to ensure successful gripping and stability during testing and to avoid 
slipping at ends. The tension test coupons are shown in Fig. 2a. The test was conducted using an MTS testing machine with a capacity of 
100 kN at a loading rate of 2 mm/min as per ASTM D3039-17 [53] (Fig. 2b) and the load was applied up to failure. In addition, each 
coupon was instrumented with a 3 mm uniaxial strain gauge (FLAB-3-11-3LJCT-F) bonded longitudinally in the middle of the coupon 
to determine the strain behaviour. The data of the load-displacement curves was obtained from the testing machine while a data logger 
system was used to get the strain values from the gauges at a rate of 10 readings per second. Before testing, the coupons were accurately 
inserted and clamped with the grip jaws of the testing machine and also, considerations were taken to avoid any misalignments. 
Finally, shear testing of GFRP coupons was performed on V-notched samples (Fig. 3a). Prior to testing, the coupons were inserted 
into the fixture jig where the notch was located along the line of action of loading. Following this, the test was conducted using an MTS 
testing machine with a capacity of 100 kN at a loading rate of 2 mm/min (Fig. 3b). 
2.2. GFRP testing results 
Fig. 4 shows the stacking sequence of the GFRP laminate. The fibres were oriented in two perpendicular directions (axial 0 ◦ and 
transverse 90 ◦). The layers were oriented as (mat, 0 ◦ fibre, 90 ◦ fibre, mat) for all tested samples and the fibre content as percentage by 
weight is summarized in Table 2. The average fibre content was 61.53 %, which includes an average of 32.12 % and 29.41 % of fibres in 
axial and transverse directions, respectively. 
The tensile load-displacement curves of the tested coupons are shown in Fig. 5a. Generally, the load-displacement responses of all 
coupons exhibited a linear behaviour up to the peak load, afterwards, a sudden load drop occurred to failure. The average failure loads 
were determined to be 7793 N and 6006 N for coupons in longitudinal and transverse directions, respectively. In addition, the stress- 
strain curves of the tested coupons are shown in Fig. 5b. The tensile stress was calculated by dividing the applied load by the cross 
sectional area of coupons while the strains were determined from the data obtained for the strain gauges. The modulus of elasticity was 
Table 1 




Burnout ISO 1172-1996 [52] 30 20 
Tensile ASTM D3039-17 [53] 250 25 
Shear ASTM D5379-12 [54] 76 19  
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Fig. 1. GFRP burnout samples.  
Fig. 2. Tensile testing of GFRP coupons.  
Fig. 3. Shear testing of GFRP coupons.  
O.F. Otoom et al.                                                                                                                                                                                                      
Case Studies in Construction Materials 15 (2021) e00654
5
calculated as the gradient of the linear segment of the stress-strain curve in the strain range of 1000–3000 microstrains (με) according 
to the requirements of standards. As summarized in Table 2, the values of the average tensile strength and modulus of elasticity in the 
longitudinal direction were determined to be 419 MPa and 23.9 GPa, respectively while these values were determined to be 362 MPa 
and 24.3 GPa, respectively in the transverse direction. The highest coefficient of variation was reported in the determination of the 
transverse modulus of elasticity. It should be noted that a strain gauge in one of the transverse coupons failed to record any results and 
some other gauges stopped recording prior to failure. However, the tensile strain at peak was determined to be 14,029 με and 12,178 με 
in the longitudinal and transverse directions, respectively. A small discrepancy can be noticed between the experimental tensile results 
of GFRP coupons and the data specified by the manufacturer [50]. 
The tensile failure modes are shown in Fig. 5c which indicates that failure occurred within the gage length with no signs of end slips. 
According to the classification of failure modes listed by ASTM D3039-17 [53], the dominant failure mode for the longitudinal coupons 
was a longitudinal splitting along the middle of the gage (SGM) while the Lateral-gage-Top (LGT) and Bottom (LGB) failure modes 
could be considered to describe the failure of the transverse coupons. 
The results GFRP shear testing are summarized in Table 2 with an average shear strength of 45.7 MPa and average shear modulus of 
493.1 MPa. Peak shear stress and shear modulus of all the samples were calculated according to ASTM D5379:2012 [54]. The peak 
shear stress was obtained as the peak load divided by the average cross-sectional area obtained by multiplying the width across the 
notch by the thickness at the notch. The shear modulus of elasticity was calculated as the difference in applied stresses between two 
strain points divided by the difference between the two strain points. The strain range is applied over 4000 ± 200 microstrain values, 
starting with a lower range of 1500–2500 microstrains. The failure occurred by the formation of vertical shear cracks along the notch 
region (Fig. 6). 
3. Experimental evaluation of the unconfined and GFRP-wrapped infill materials 
3.1. Column details 
A total of 18 unconfined and GFRP-wrapped cylindrical columns were prepared and tested under axial compression loading to 
investigate the effect of GFRP confinement on concrete, grout and epoxy infills. It is worth noting that for wrapped cylinders, the GFRP 
jackets were first fabricated and left to cure for 48 h before pouring the infill materials into the prefabricated jackets. This makes them 
distinguished from the conventional wrapped cylinders whereas the wrapping is applied after casting of specimens. Hence, in this 
Fig. 4. Stacking sequence of GFRP laminate.  
Table 2 
Results of GFRP testing in burnout, tension and shear.  
Test Property Average COV (%)a 
Burnout Fibre content –axial (%) 32.12 3.1 
Fibre content –transverse (%) 29.41 5.0 
Tensile 
Longitudinal tensile strength, MPa 418.9 5.4 
longitudinal modulus of elasticity, MPa 23,846 17.3 
Transverse tensile strength, MPa 361.7 9.8 
Transverse modulus of elasticity, MPa 24,322 28.3 
Shear 
Peak load, N 389.9 3.2 
Peak displacement, mm 1.4 16.8 
Modulus of elasticity, MPa 493.1 13.8  
a Coefficient of variation. 
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study, the wrapped cylinders have been referred as GFRP-wrapped infills. Three unconfined and three GFRP-wrapped columns were 
prepared from each material. All tests were performed in accordance with AS1012.9:2014 [55]. Two grout infill materials were 
considered in this study; the underwater cementitious grout [56] and the crane rail epoxy grout [57]. The properties of these grout and 
epoxy infills are provided in Table 3. The selection of grout and epoxy infills was based on their superior strength and elongation 
behaviour and being commonly used in practice. These infill materials were previously used by Lokuge et al. [18] to rehabilitate 
damaged timber columns subjected to compression loading and found effective in enhancing the columns strength and ductility. The 
underwater cementitious grout is supplied as a powder and it is a blend of cement, graded fine aggregate (maximum aggregate size of 
0.3 mm) and chemical additives which impart controlled expansion, water reduction and non wash-out characteristics. The aggregate 
grading assists to minimize segregation and bleeding and improves the flow characteristics with the addition of a controlled amount of 
water (water/powder ratio of 0.22). The crane rail epoxy grout is a three-component system consisting of resin, hardener and poly-
ethylene and it is characterized by a high flowability, no shrinkage, rapid strength gain, and suitability for tight clearance applications. 
The concrete used in this research was sourced from a local concrete supplier and the preparation of grout and epoxy infills was done 
according to the instructions provided by manufacturer’s technical data sheets [56,57]. The test columns in this testing program were 
labelled based on their unconfined or GFRP wrapping status and the type of the infilled material. The unconfined concrete, cemen-
titious grout and epoxy infill columns were identified as U-C, U-CM and U-E, respectively. The GFRP-wrapped concrete, grout and 
Fig. 5. Tensile testing results of GFRP coupons.  
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epoxy infill columns were identified as C-C, C-CM and C-E, respectively as shown in Fig. 7. 
All the unconfined columns had a diameter of 150 mm and a height of 300 mm. According to AS 1012.9:2014 [55], the nominal 
diameter of cylinders is either 100 mm or 150 mm with a height equals two times the diameter. As mentioned earlier, the 
GFRP-wrapped columns were cast using prefabricated jackets. These GFRP jackets were prepared by wrapping GFRP laminates around 
PVC pipes to yield an inner and outer diameter of 160 and 165 mm, respectively. As recommended by the manufacturer and to 
incorporate with real practice, two laminates were used to construct each GFRP jacket with an overlap of 100 mm width to ensure 
perfect bond between the laminates. The laminates were bonded by using QuakeBond™ 220UR underwater resin [58], which is a 
two-component high-strength structural epoxy designed for underwater application and has an immediate high tack consistency both 
in air and water. Nevertheless, an aspect ratio of 2 was maintained by setting the height of the GFRP-wrapped jackets to 330 mm to 
accommodate with AS 1012.9:2014 requirements. 
3.2. Instrumentation and test setups 
Prior to testing, in order to avoid localized failures in the GFRP laminates at top and bottom ends during the loading process of 
wrapped columns, the GFRP laminates were trimmed around the edges by approximately 5 mm. The unconfined and GFRP-wrapped 
concrete columns were tested using a 2000-kN SANS universal testing machine at a displacement rate of 3 mm/min. The applied loads 
and displacements were recorded by a data acquisition system. Moreover, the grout and epoxy infill columns were instrumented with 
two unidirectional strain gauges at the mid-height to measure the axial and lateral strains. The gauges were bonded on the grout and 
epoxy surfaces in the case of unconfined cylinders and on the jacket for GFRP-wrapped cylinders. Due to the limitation in the capacity 
Fig. 6. Failure modes of GFRP shear coupons.  
Table 3 
Mechanical properties of grout and epoxy infills on the 28th day.  
Grout infill Compressive strength (MPa) Indirect tensile strength (MPa) Modulus of rupture (MPa) 
Underwater cementitious grout [56] 53 4.1 8.8 
Crane rail epoxy grout [57] 110 17.2 37.9  
Fig. 7. Unconfined and GFRP-wrapped infills.  
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of SANS testing machine and expectations for higher failure loads of grout and epoxy infills, the unconfined and GFRP-wrapped grout 
and epoxy columns were tested using a 5000-kN capacity testing machine at a displacement rate of 3 mm/min. The loads and dis-
placements were recorded by the data acquisition system while the system 5000 data logger captured the axial and lateral strains from 
the strain gauges. This system records data and then feeds the collected data to a computer to be viewed, analysed, or stored. The 
compression test setup is shown in Fig. 8. 
3.3. Behaviour of infill materials under compression 
This section summarizes the results obtained from the compression tests of the unconfined and GFRP-wrapped concrete, grout and 
epoxy infills. 
3.3.1. Axial stress- axial strain behaviour 
Fig. 9 presents the experimental axial stress- axial strain behaviour of the unconfined and GFRP-wrapped infills. The response of 
unconfined infills was characterized by a linear elastic behaviour followed by a nonlinear response until reaching the peak load. The 
columns in U-CM series showed a sudden failure with no residual axial load capacity observed beyond the peak, whereas U-E and U-C 
series exhibited a more ductile post peak behaviour. 
The C-C infills were characterized by a linear response until approximately 55 % of the peak load capacity followed by a nonlinear 
response until the peak load (Fig. 9 a). The peak axial stress of C-C infills was followed by a softening degradation response up to the 
final failure. The axial stress- axial strain curves show that C-CM infills (Fig. 9 b) exhibited linear behaviour until achieving 
approximately 80 % of the peak load capacity with noticeable slower post peak degradation compared to the unconfined grout infills. 
The pre-peak behaviour of the C-E infills (Fig. 9 c) was similar to that of the U-E with rapid post peak degradation observed for C-E 
infills. The post peak degradation response indicates that behaviour of GFRP infilled materials is influenced by the compressive 
strength of the unconfined infill. Similar trend was reported by Mohammed et al. [16] and Vincent and Ozbakkaloglu [25], which is 
attributed to the relationship between the unconfined concrete strength and lateral confining pressure. The low strength materials 
undergo early crushing, which leads to the earlier activation of the GFRP jacket [16] and hence the confining jacket has a more 
significant contribution to the post peak response. Several studies [25,41,45,59–61] have attributed the variation in behaviour be-
tween different strengths of FRP wrapped concrete to the confinement ratio i.e. the ratio between the lateral confining pressure and the 
unconfined compressive strength of concrete, which represents the confinement effectiveness. Based on that, to achieve similar 
confinement ratio for materials of higher strength, an increased confining pressure must be provided by increasing the number of 
wrapped layers. Moreover, Vincent and Ozbakkaloglu [25] and Ozbakkaloglu and Akin [60] reported that increasing strength would 
result in increasing the material brittleness. The higher strength leads to changes in the cracking pattern from heterogenic micro-cracks 
to localized macro-cracks, which causes localized stress concentrations around the GFRP material. In this study, however, the 
Fig. 8. Test setup for compression testing.  
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confining pressure can be assumed constant for all wrapped columns as the same number of GFRP laminates was used. Thus, increasing 
the unconfined compressive strength of the infill material would reduce the GFRP confinement effectiveness and hence the ductility of 
wrapped columns as can be observed in the overall behaviour of the tested GFRP wrapped infills in particular the post peak response. 
Table 4 summarizes the experimental results for the peak axial loads, corresponding displacements, compressive strengths and 
modulus of elasticity of the unconfined and GFRP-wrapped infills. The results indicate that the average peak load for U-C, U-CM and U- 
E infills were 384.2, 784.6 and 1617 kN, respectively. GFRP confinement resulted in a significant increase in the peak load capacity by 
202 % for concrete infills followed by 69 % and 21 % for grout and epoxy infills, respectively. In addition, GFRP wrapping significantly 
enhanced the axial deformation at peak for C-C infills with an increase of 87 % compared to an average of 10 % and 6.6 % for C-CM and 
C-E infills, respectively. Moreover, the average axial deformation of C-C infills at failure increased by 100 % through GFRP 
confinement, compared to an average of 34 % and 9% for C-CM and C-E infills, respectively. This shows that among the three infill 
materials tested in this study, C-C infills benefited the most from GFRP confinement primarily due to their lower compressive strength. 
3.3.2. Influence of GFRP confinement on strength and modulus of elasticity 
The strength and axial strain enhancement ratios were calculated by dividing the peak strength and strain values of GFRP-wrapped 
infills by the peak strength and strain values of the companion unconfined infills, respectively. The results summarized in Table 4 show 
that the unconfined strength of the infill material had a significant influence on the strength and strain enhancement ratios. It is 
apparent that the increase in the unconfined compressive strength with same GFRP confinement configuration leads to a significant 
reduction in these ratios. A significant increase of 149 % was observed in the strength of concrete infills through GFRP wrapping, 
followed by a 40 % increase for the GFRP-wrapped grout infills, whereas no change was observed for the GFRP-wrapped epoxy infills. 
Previous experimental work carried out by Rodsin et al. [62] indicated that increasing the strength of concrete resulted in an obvious 
Fig. 9. Axial stress-axial strain curves of unconfined and GFRP-wrapped infills.  
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reduction in the contribution of FRP composites to the axial strength of columns. In general, the GFRP wrapped infills produce higher 
strength capacities compared to unconfined infills. A discrepancy in results is observed in contrast with [16], which reported an in-
crease ranging from 105 % to 523 % for GFRP infill concrete specimens, 51 % for grout infills and 15 % for epoxy infills. This could be 
attributed to the difference in the properties of infill materials and the type of the used GFRP wrap. The previous study focused on 
investigating GFRP tubes with stacking sequence of (-45 ◦/+-45 ◦/-45 ◦ /+45 ◦) with respect to hoop direction whereas this study is 
concerned with laminates of bidirectional (0 ◦,90 ◦) orientation. Thus, the alteration in the properties of the used infill or FRP wrapping 
materials can significantly influence the contribution effect of the wrapping system. In addition, the peak axial strain of the concrete 
infill increased by an average of 69 % through GFRP confinement, whereas no noticeable change was observed for the GFRP-wrapped 
grout infill. The GFRP-wrapped epoxy infill exhibited a decrease of approximately 4 % in the peak axial strains compared to un-
confined epoxy infills. This indicates that for the same GFRP configuration, the confinement is highly effective in materials with low 
compressive strength. Vincent and Ozbakkaloglu [25] reported that the highest strengthening ratios were reported for the normal 
strength concrete followed by the high strength concrete and ultra-high strength concrete, respectively. However, based on the 
experimental results of the axial stress- strain behaviour of this study, it can be observed that concrete is more efficient to be used as an 
infill than the grout or epoxy in pile rehabilitation. According to the aforementioned studies [25,60], this can be attributed to that 
increasing the infill strength with constant confining pressure would reduce the confinement ratio, which eventually will lead to a 
reduction in the strength and axial strain enhancements. 
As can be seen in Table 4, GFRP confinement had a significant influence on the modulus of elasticity of C-C and C-CM series of 
columns. The modulus of elasticity of all infills was obtained from the linear regression analysis of the initial segment of the axial stress- 
axial strain curves. For the unconfined infills, the grout infill columns showed the highest modulus of elasticity with an average of 13.7 
GPa followed by 7.2 GPa and 6.3 GPa for epoxy and concrete infills, respectively. The modulus of elasticity of the GFRP-wrapped grout 
infills also reported the highest value with an average of 23.4 GPa followed by 11.1 GPa and 7.0 GPa for GFRP-wrapped concrete and 
epoxy infills, respectively. This indicates that GFRP confinement significantly increased the average modulus of elasticity values by 77 
% and 72 % for concrete and grout infills, respectively and obviously high initial axial stresses can be observed for low axial strains. 
The reduction in axial strains is attributed to the enhanced dilation behaviour due to increased confinement ratio in grout infill [63]. 
However, for epoxy infill, the significantly low confinement effect resulted in a negligible change in the axial strains and hence, an 
Table 4 
Experimental results of unconfined and GFRP-wrapped infills.  




















U-C1 381.0 1.3 21.6 
21.8 ± 0.16 
4370 5722 
– – U-C2 385.3 1.3 21.8 4247 7980 
U-C3 386.4 1.4 21.9 4773 5216 
C-C1 1061.7 2.5 49.7 
54.3 ± 4.82 
7479 13,512 
2.49 1.69 C-C2 1150.9 2.1 53.8 6387 10,023 
C-C3 1267.1 2.9 59.3 8808 9957 
U-CM1 676.4 0.7 38.3 
44.4 ± 5.57 
2389 15,872 
– – U-CM2 868.9 0.8 49.2 2694 13,353 
U-CM3 808.5 0.9 45.8 3137 11,733 
C-CM1 1413.8 0.9 66.1 
62.0 ± 3.57 
2710 25,084 
1.40 1.00 C-CM2 1275.0 0.9 59.6 2815 21,749 
C-CM3 1289.3 0.9 60.3 2671 23,411 
U-E1 1540.0 4.4 87.1 
91.5 ± 4.14 
14,675 8156 
– – U-E2 1685.7 4.9 95.4 16,462 6942 
U-E3 1625.8 5.0 92.0 16,524 6549 
C–E1 1952.6 4.9 91.3 
91.8 ± 1.36 
14,865 7077 
1.00 0.96 C–E2 1939.9 4.9 90.7 14,802 7341 
C–E3 1995.3 5.4 93.3 16,222 6547  
Fig. 10. Failure modes of the unconfined and GFRP-wrapped cylinders.  
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increase of only 3 % occurred on the modulus of elasticity. 
3.3.3. Failure modes 
Failure of the unconfined infills was observed to be more violent and explosive compared to the GFRP-wrapped infills, which in all 
cases exhibited either localized failures or rupture of fibres. Fig. 10 shows examples of the failure modes observed in the unconfined 
and GFRP-wrapped cylinders under compression loading. 
The failure of the unconfined concrete cylinders (U-C) is shown in Fig. 10a, which was initiated by formation of minor cracks near 
the top end due to stress concentration of the loading plate. However, cracks were visible in several locations and they propagated 
vertically towards the ends of the cylinders. Before failure, a wide crack appeared near the mid-height region of the tested cylinders 
before final crushing took place. With regards to the unconfined grout infills (U-CM), visible and larger mid-height cracks were 
observed compared to concrete columns followed by the crack propagation vertically towards the bottom and top ends of the cylinder. 
At failure, a crushing in the grout material occurred after the formation of large longitudinal cracks through the height of the tested 
columns (Fig. 10b). This accords with Mohammed et al. [16] who declared that increasing the compressive strength can significantly 
increase the crushing severity as well as the width of cracks. The failure of the unconfined epoxy infill columns (U-E) initiated by the 
formation of cracks near the top and bottom parts of the tested columns. These cracks widened gradually and propagated towards the 
mid-height of the cylinder in an inclined plane before a mid-height crushing took place and resulted in splitting the cylinder into two 
cone shaped parts (Fig. 10c). This failure mode is attributed to the frictional forces at the ends of the cylinders, which create horizontal 
compressive forces and result in cone shaped failures [26]. 
Fig. 10d shows the failure mode of the GFRP-wrapped concrete infills (C-C). As the load increased, formation of local cracks 
appeared on the GFRP surface above the mid-height of cylinders indicating the initiation of stress transfer and after that, local cracks 
started to spread in the circumferential direction. At the same time, local fibre ruptures appeared in several locations on the surface of 
the GFRP material. At failure, the rupture of fibres occurred along the height of all columns. In fact, the concrete infill was completely 
detached from the surrounding jackets in all tested columns immediately after the failure. GFRP-wrapped grout infills (C-CM) 
exhibited a failure by the rupture of the GFRP at or above the mid-height region of columns (Fig. 10e). The failure started by a slight 
separation of fibres near the top part before it extended vertically to nearly the mid-height of cylinders. Afterwards, a full collapse 
occurred in the entire column. For the GFRP-wrapped epoxy infill columns (C-E), the localized failures appeared near the top third 
segment of the columns before it propagated in an inclined line towards the mid-height. The final failure occurred due to GFRP rupture 
at the top part of cylinders (Fig. 10f). This could be referred to stress concentrations due to localized cracking in the upper part of tested 
columns. It is obvious from the failure modes that the lateral dilation of each infill material was different at a given axial load, as 
discussed in the following section. 
3.3.4. Influence of GFRP confinement on lateral strains of grout and epoxy infills 
The strain readings were obtained from the strain gauges attached to the mid-height of grout and epoxy cylinders. Fig. 11 shows the 
axial stresses versus lateral strains of the unconfined and GFRP-wrapped tested infills and indicates more lateral dilation by the GFRP 
wrapped grout infills compared to unconfined columns (Fig. 11a). Table 5 presents the average lateral strains at peak and failure loads 
for the unconfined and GFRP-wrapped grout and epoxy infills. The results show that C-CM columns exhibited an increase in lateral 
strain at peak by 129 % to achieve 1107 με compared to 484 με for U-CM columns. Fig. 10e shows that C-CM column failed due to 
localised failure near the top and not due to GFRP rupture at the mid height. For the C-E infills (Fig. 11b), the average lateral strains at 
peak increased by 15 % to report 5352 με compared to 4667 με for the U-E columns. Moreover, at failure, the C-CM infills exhibited 
Fig. 11. Axial stress- lateral strain curves for grout and epoxy infills.  
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high lateral strains to achieve 5485 με whilst the C-E columns exhibited a reduction of 27 % compared to U-E columns and this in-
dicates that the effect of confinement was active in controlling the column behaviour of grout infills. This accords with Lim and 
Ozbakkaloglu [63] in that increasing confinement ratio would cause higher lateral strains due to increased dilation effect. 
The lateral dilation effect due to GFRP confinement is further considered in terms of lateral to axial strain ratio as shown in Fig. 12. 
The figure illustrates the variation of lateral to axial strain ratio with the corresponding axial strains of the unconfined and GFRP 
wrapped grout and epoxy infills. It is obvious that for the grout infills (Fig. 12a), the ratio slightly decreased with the increase of axial 
strains until achieving the peak at an average ratio of 0.18 and 0.23 for U-CM and C-CM columns, respectively. Beyond the peak, 
however, the C-CM columns exhibited a sharp rise in lateral strain up to failure indicating that the GFRP wrapping is effective in 
sustaining higher lateral strains. In contrast, the ratio of lateral to axial strain at peak of epoxy infills (Fig. 12b) remained approxi-
mately similar for the U-E and C-E columns at an average of 0.29, in spite of the slight difference observed in the initial loading zone. 
Thus, the low compressive strength infills would benefit from the GFRP confinement in enhancing the lateral strains as can be seen in 
the behaviour of grout infills. It is worth noting, that as per the strain gauge readings, GFRP did not reach the rupture strain in both the 
GFRP wrapped grout and epoxy infills. Main reason for this behaviour is that strain gauges were located at the mid height of the 
columns and localised failure occurred at the top. 
4. Finite element (FE) simulation 
FE modelling is attractive in predicting the overall behaviour of columns under different loading systems. This section provides 
details of the development of FE models to predict the axial stress-strain behaviour of GFRP wrapped infills. The developed models 
accomplished by the commercial software package ABAQUS [64] are validated by using the experimental test results. Validated FE 
models are then used to predict the behaviour of the GFRP-wrapped infills in a parametric study. In order to accurately simulate the 
experimental work, it is important to use proper element types, boundary conditions and establish the material behaviour as detailed in 
the following sections. 
4.1. Model development 
Three-dimensional FE models were developed using ABAQUS [64] to explore the contribution of GFRP laminates to the 
compressive behaviour of the three infill materials used in this study. The global coordinate system of the model was defined as bottom 
face of the cylinders laying in the X-Y plane and the positive Z-axis was aligned with the longitudinal axis of the cylinder. For FE 
modelling, the nonlinear analysis (NLGEOM) option was activated with dissipation energy fraction of 0.0002 to account for relatively 
Table 5 
Mid-height lateral strains at peak and failure.  
Column Average lateral strain at peak (με) Average lateral strain at failure (με) 
U-CM 484 484 
C-CM 1107 5485 
U-E 4667 7670 
C-E 5352 5625  
Fig. 12. Lateral to axial strain ratio versus axial strain of unconfined and GFRP wrapped grout and epoxy infills.  
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large displacement. The geometry of columns and GFRP jackets was modelled using solid deformable parts and meshed by eight-node 
linear three-dimensional solid brick elements with hourglass control and reduced integration (C3D8R) as shown in Fig. 13a and b for 
infill and GFRP, respectively. A sensitivity study was carried out to investigate the effect of GFRP element type on the axial stress-strain 
behaviour. A comparison between the solid elements (C3D8R) and the 4-noded conventional shell elements with reduced integration 
(S4R) was examined to explore their effect on peak axial stresses and corresponding strains as shown in Fig. 14. The use of solid el-
ements was found to give a close relation between the FE predictions and experiments and thus, solid element type for GFRP was 
adopted in this study. The bottom boundary condition was simulated in which the bottom of columns was assumed restrained for all 
translational degrees of freedom. The loading was carried out through a top loading plate which was created as a 3D discrete rigid part 
with planar shell feature. Then, a reference point was defined in the center of the rigid plate to ensure uniform distribution of loading, 
avoid scattering of results and also the results could be obtained from a point. The top boundary condition was applied to the reference 
point as it was kept unrestrained to move in the longitudinal Z direction under a concentric displacement control (Fig. 13c). 
Tie constraints were used to model the interface between the outer surface of infill cylinders and the inner surface of GFRP jackets. 
This type of constraints allows to fuse together two regions even the meshes created on the surfaces of the regions may be dissimilar 
[64]. It has been mostly used in literature [33,65–67] to model the interface between infill materials and surrounding FRP composites 
and is usually adopted to model structures which have no observations of debonding failures as the case in this presented study. The 
interaction between the top surface of infill and GFRP jacket with the inner surface of loading plate was assumed as a hard contact to 
avoid the penetration of surfaces into each other in normal direction and a frictional contact was specified in the tangential direction 
Fig. 13. FE models of infills and GFRP materials.  
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using a frictional coefficient of 0.25 as previously proposed by Hu et al. [68]. The inner surface of the loading plate was taken as the 
master surface while the top surfaces of infills and top node region of the GFRP jacket were taken as the slave surfaces. The model 
interactions are shown in Fig. 13d. A mesh convergence analysis was conducted on GFRP wrapped concrete infill to ensure that the 
developed mesh yields reasonably converged results in the FE analysis. The process of refining the mesh was repeated until a satis-
factory convergence was achieved (i.e. where the FE results stopped changing with increasing refinement). Different mesh sizes were 
examined as shown in Fig. 15. It is evident that the reduced mesh sizes (810 and 12 mm) exhibit a close stress-strain response with 
relatively small differences. Based on that, a mesh size of 10 mm was adopted in this study in order to maintain an acceptable aspect 
ratio for the used elements and also to save computational time. The aspect ratio is calculated as the ratio between the longest and 
shortest edge of an element [64] and could be checked using the mesh verifying option available in Abaqus which is used to obtain the 
maximum aspect ratio in the modelled parts. The maximum aspect ratio found was 2.7 for the entire model. Although there are no 
distinct rules for mesh quality, meshes with an aspect ratio below 5 could be considered of good quality based on the mesh sensitivity 
analysis. The total number of brick elements used were 9537 and 2772 for the infill and GFRP parts, respectively. 
4.2. Materials simulation 
4.2.1. Input parameters 
In ABAQUS, three different models are available to model the plastic behaviour of concrete materials, i.e. the concrete damaged 
plasticity (CDP) model, brittle crack model and smeared crack model. The CDP model is used for modelling concrete and other quasi- 
brittle materials [69]. It is widely applicable with the inelastic behaviour of concrete and has been commonly used in literature [33,34, 
70–72]. It assumes that compressive crushing and tensile cracking are the two main failure mechanisms of concrete materials. In the 
current study, CDP model was also used to model the behaviour of grout and epoxy infill materials. In addition, The evolution of the 
yield surface is controlled by two hardening variables, equivalent plastic strains in tension and compression [64]. The main plasticity 
parameters in the CDP model are represented by dilation angle, eccentricity, shape factor, the ratio of initial biaxial compressive yield 
stress to initial uniaxial compressive yield stress and the viscosity parameter. The yield function parameters including eccentricity, 
shape factor and the ratio of initial biaxial compressive yield stress to initial uniaxial compressive yield stress were left default as 0.1, 
1.16 and 0.667, respectively. The use of 0.1 value for eccentricity indicates that the dilation angle remains similar over a wide range of 
stress values [73]. 
The viscosity parameter assists in convergence and used for the visco-plastic regularization of the concrete constitutive equation in 
Fig. 14. Comparison between the effect of solid and shell elements on peak axial stresses and corresponding strains.  
Fig. 15. Mesh sensitivity analysis.  
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standard analysis and has a default value of zero [64]. However, smaller viscosity values significantly increases the analysis time and is 
more prone to convergence problems [73]. Therefore, in order to achieve a better convergence in a reasonable computational time, a 
value of 0.0005 for the viscosity parameter was used in this study. Moreover, dilation angle defines the change in concrete volume 
caused by inelastic strain and it is a vital material parameter which is interpreted as an internal friction angle [70] and can have a 
substantial influence on numerical simulations [74]. Tu et al. [74] stated that under the Mohr Coulomb yield criterion, the internal 
friction angle in the yield function is replaced by the dilation angle to consider the associated flow. Mohr’s envelopes were established, 
in the current study, to predict the dilation angle of considered materials and were incorporated to obtain the angle values of the three 
infill types. The dilation angle was calculated as the slope angle of the tangent line between two circles. The first circle represents the 
unconfined strength state of infill with no lateral confining pressure and the second angle represents the strength state of the wrapped 
infill with corresponding lateral confining pressure calculated using Eq. (2). The unconfined and GFRP wrapped strength states were 





where Ef is the modulus of elasticity of GFRP laminates, tf is the GFRP laminate thickness, εf is the peak tensile strain of GFRP 
laminates and D is the diameter of core cylinders. The factor kε is the lateral strain reduction factor and equals 0.624 as recommended 
by Lam and Teng [45] as in most experimental cases, the FRP material tensile strength was not reached at the rupture of FRP [63, 
75–79]. Other studies [62,80] also indicated that the FRP confinement level can affect the lateral strain behaviour and rupture strains 
of FRP composites. Based on the above calculations, the predicted dilation angles were 51, 48 and 10 degrees for GFRP wrapped 
concrete, grout and epoxy infills, respectively. 
4.2.2. Constitutive material behaviour 
The predefined concrete models available in ABAQUS (Fig. 16) were used to model the behaviour of infill materials using an 
elastoplastic model which divides the total strain (ε) into elastic strain (εel) and plastic strain (εpl). The elastic behaviour of infill 
materials was defined through the Young’s modulus of elasticity (E0) and Poisson’s ratio while the inelastic behaviour was defined by 
the CDP model. The plastic-damage model in ABAQUS is based on the models proposed by Lubliner et al. [81] and by Lee and Fenves 
[82]. The CDP approach allows to introduce both the tension and compression properties in FE analysis. An isotropic scaled damage 
model from the continuum damage mechanics is introduced in Abaqus to describe the stiffness degradation, which can be represented 
for compression and tension by Eqs. (3) and (4), respectively. 
σc = (1 − dc)E0(εc − εplc ) (3)  
σt = (1 − dt)E0(εt − εplt ) (4)  
where σ represents the stress, dc and dt represent the compressive and tensile damages, respectively. It is assumed that the uniaxial 
stress-strain curves can be converted into stress versus plastic-strain curves. The inelastic compressive stress-strain model is charac-
terized by a strain hardening behaviour up to the ultimate stress (σcu) whereas, a strain softening behaviour is assumed beyond the 
ultimate stress (Fig. 17a). Although the tensile behaviour of infill materials was not considered in the experimental testing, this 
behaviour was defined in FE analysis. Under tension, a linear elastic relationship is assumed until cracking is initiated at tensile 
strength (σt0), afterwards, the softening will start. The post-failure behaviour is modeled with tension stiffening, which allows to define 
the strain-softening behaviour for cracked concrete. The tension stiffening can be specified by means of a post-failure stress-strain 
relation or by applying a fracture energy cracking criterion [64]. In this study, the bilinear softening model proposed by [83] is 
assumed to represent this behaviour as shown in Fig. 17b. Damage is usually characterized by the degradation of stiffness and the 
damage parameters in both compression (dc) and tension (dt) are assumed to be functions of the plastic strains, temperature, and field 
variables [64] and could be determined using Eqs. (5) and (6), respectively. These parameters can take values starting from zero 
representing the undamaged material up to one which represents the total loss of strength as shown in Fig. 17c and d for compression 
and tension, respectively. 
Fig. 16. Uniaxial behaviour of concrete under (a) Tension and (b) Compression [64].  
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Fig. 17. Uniaxial stress-strain and damage-strain relationships of concrete.  
Table 6 
Material properties of concrete, grout and epoxy.  
Material Property Value 
Concrete 
Compressive strength (MPa) 21.7 
Tensile strength (MPa) 2.4 
Axial strain at peak 0.0045 
Poisson’s ratio 0.2 
Modulus of elasticity (MPa) 6305 
Grout 
Compressive strength (MPa) 44.4 
Tensile strength (MPa) 3.4 
Axial strain at peak 0.0027 
Poisson’s ratio 0.2 
Modulus of elasticity (MPa) 13,653 
Epoxy 
Compressive strength (MPa) 91.8 
Tensile strength (MPa) 17.2 
Axial strain at peak 0.0159 
Poisson’s ratio 0.18 
Modulus of elasticity (MPa) 7215  
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dc = 1 − (σc/σcu) (5)  
dt = 1 − (σt/σt0) (6) 
The uniaxial compressive behaviour can be represented using experimental results or existing constitutive models [84]. In the 
current study, the nonlinear stress-strain (σ − ε) curve of the unconfined concrete was based on the empirical parabolic relationship 












where σo and εo are the unconfined concrete peak axial stress and corresponding strain, respectively. For grout and epoxy infills, the 
actual material compressive properties obtained from the experimental program were incorporated into the FE model. Table 6 
summarizes the properties of infill materials used in the model. 
Since no tests were carried out to determine the tensile properties of infills, the tensile strength of concrete and grout materials was 
calculated as per AS3600-2009 [86] and for the epoxy infill, the tensile strength provided in the technical data sheet [57] was 
incorporated. In addition, the linear elasticity behaviour of the GFRP jacket was defined by giving “engineering constants”. The three 
moduli E1, E2, E3, Poisson’s ratios Nu12, Nu13, Nu23 and the shear moduli G12, G13 and G23 associated with the material’s principal 
directions were used to define the elastic behaviour as detailed in Table 7. This required an identification of a local coordinate system 
to assign the properties according to local directions. It is worth to sympathise that the longitudinal direction of laminates was aligned 
with the circumferential direction of cylinders. Due to small discrepancy noticed between the experimental results and provided 
manufacturer data for the tensile properties of GFRP, the data provided in the manufacturer technical data sheet [50] was used in the 
current FE modelling. In addition, the values of the out of plane modulus of elasticity (E3), Poisson ‘s ratios and shear moduli were 
assumed as provided by [18]. The “Suboption” available in Abaqus for the elastic behaviour was also used to enter the required data of 
the “Fail stress” and ‘Fail strain” of the GFRP material. 
4.3. Predicted FE results and validation with experimental work 
Fig. 18 displays the experimental and numerical (FE) simulation results for axial stress- strain curves of GFRP-wrapped infills. It 
shows a good comparison between the numerical and experimental results. In general, the numerical results indicate that the GFRP 
jackets started to carry lateral tensile stresses when the infill material approximately achieved its unconfined strength. At peak, the 
highest lateral strain was observed in the vicinity of mid height for concrete and grout columns and in the top region for the epoxy 
infill. Afterwards, in the post peak response, the GFRP could carry more tensile strains in the lateral direction until failure. The FE 
results of the axial stresses in infills (S33) and lateral strains in GFRP (LE22) at both peak and failure are shown in Fig. 19. It is evident 
that the highest lateral strains in GFRP was achieved in concrete followed by epoxy and grout and this indicates that concrete exhibited 
the largest lateral dilation compared to other infills. 
For columns C-C, the FE results (Fig. 18a) show a high initial modulus of elasticity up to a stress of 10 MPa followed by a slight 
reduction in modulus to have a good match with experimental results up to the peak stress of 53.1 MPa and corresponding strain of 
7153 με. A close agreement is observed between the peak values obtained from experimental and FE results as listed in Table 8. The 
failure of column C-C (Fig. 19a) occurred due to crushing of concrete in mid height of column and occurrence of high tensile strains in 
the GFRP jacket in the circumferential direction at the same region, and this represents the failure mode observed in the experiment. A 
slight increase in GFRP lateral strains can also be observed after the peak stress until failure (Fig. 19a). 
The numerical response of column C-CM (Fig. 18b) shows a perfect correlation with experimental stress-strain curve up to a stress 
of 41 MPa and corresponding strain of 1742 με. Afterwards, a reduction in stiffness was observed until peak stress. Table 8 indicates 
that among all infills, the GFRP wrapped grout showed the highest difference of 13 % in predicting the strain at peak stress. However, 
the post peak behaviour revealed a sudden reduction in the axial stress until failure. The predicted failure of columns C-CM (Fig. 19b) 
Table 7 
Elastic properties of GFRP.  
Property Value 
Longitudinal tensile strength (MPa) 431 
Longitudinal modulus of elasticity, E1 (MPa) 24,140 
Axial strain at peak in longitudinal direction 0.0131 
Transverse tensile strength (MPa) 418 
Transverse modulus of elasticity, E2 (MPa) 25,250 
Axial strain at peak in transverse direction 0.0106 
Out of plane modulus of elasticity, E3 (MPa) 7000 
Poisson’s ratio, Nu12 0.26 
Poisson’s ratio, Nu13 0.20 
Poisson’s ratio, Nu23 0.20 
Shear Modulus, G12 (MPa) 2650 
Shear Modulus, G13(MPa) 1520 
Shear Modulus, G23 (MPa) 1520  
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Fig. 18. Comparison of experimental and numerical axial stress- strain curves of GFRP-wrapped infills.  
Fig. 19. Simulated longitudinal stress of infills and lateral strain of GFRP at peak stress and failure.  
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was similar to the failure of concrete columns, however, more uniformity is observed in the distribution of stresses in the grout infill. In 
spite of high axial (longitudinal) stresses at failure of grout infill, lower lateral strain in the GFRP was recorded when compared to 
concrete columns. This is attributed to the high stiffness of grout compared to concrete. Nevertheless, high concentration of axial 
compressive stresses can be observed near the top and bottom ends of grout cylinders. 
As depicted in Fig. 18c, the FE results of columns C-E revealed a closely matching curve with the experimental results until reaching 
a predicted peak stress of 95 MPa and corresponding strain of 14,974 με. A sudden failure occurred immediately after the peak axial 
load. Moreover, high concentrations of axial compressive stress can be seen in the top third part of the column C-E (Fig. 19c) 
accompanied with low compressive stresses at the outer surface of the cylinder. This resulted in providing localized tensile failure in 
the lateral direction of the GFRP jacket at the same level (Fig. 19c). The predicted failure mode corresponds with the experimental 
failure that occurred in the top third region of C-E cylinders. This failure mode is distinguished from the failure near the mid-height 
regions for C-C and C-CM cylinders which clearly exhibited a more uniform distribution of axial stresses. At peak, however, the epoxy 
infills exhibited higher GFRP lateral strains compared to grout infills. This is consistent with a previous study [87] which demonstrated 
that grouts of low stiffness contribute high circumferential and radial deformations compared to grouts of high stiffness. 
4.4. Parametric study 
This section expands the knowledge about the influence of two parameters on the compressive behaviour of GFRP wrapped infills. 
The FE analysis was utilized to study the effect of the GFRP thickness and core diameter of GFRP-wrapped infills. These investigations 
were implemented using the validated numerical models discussed earlier. 
4.4.1. Influence of GFRP thickness 
The thickness of GFRP is a main parameter that affects the strength of the wrapped materials. The influence of increasing the 
thickness was investigated by varying the number of laminates from 2 to 4 and 6. The predicted axial stress-strain behaviour of 
concrete, grout and epoxy infills are shown in Fig. 20a–c, respectively. 
It is apparent that as the number of laminates increases, the GFRP-wrapped concrete infill exhibits the most significant en-
hancements compared to grout and epoxy infills as listed in Table 9. When the number of laminates increases from 2 to 4 and 6 
laminates, the predicted peak axial stress of concrete increases by 57.1 % and 123.5 %, respectively. However, replacing the two GFRP 
laminates by six laminates can increase the stress capacity by 20.3 % and 24.1 % for grout and epoxy infills, respectively. In addition, 
no change is observed in the initial modulus when increasing the number of laminates in concrete and grout infills whereas for the 
epoxy infills, increasing the GFRP thickness results in a noticeable increase in the initial modulus and a reduction in axial strain at peak 
stress. However, the increase in elastic modulus is not proportional to the thickness of GFRP. In contrast, the axial strain at peak is 
observed to increase significantly for concrete infills to achieve a strain enhancement of 70.2 % when GFRP thickness increases to 6 
laminates. 
Fig. 21 shows the effect of increasing the number of GFRP laminates on the failure mode of GFRP in the lateral direction. It is clear 
that the increase in the thickness of GFRP has a negligible effect on lateral strain of GFRP wrapped concrete infills (Fig. 21a) while a 
Table 8 
Experimental and FE results of peak stress and corresponding strain.  
Column 
Peak axial stress (MPa)  Axial strain at peak (με)  
EXP FE Ratio (EXP/FE) EXP FE Ratio (EXP/FE) 
C-C 54.3 53.1 1.02 7558 7153 1.06 
C-CM 62.0 62.2 1.00 2732 3149 0.87 
C-E 91.8 95.0 0.97 15,296 14,974 1.02  
Fig. 20. Predicted influence of the GFRP thickness on axial stress-strain behavior.  
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Table 9 
FE predictions for the effect of GFRP thickness on peak axial stress and corresponding strain.  
Column No. of GFRP laminates Peak axial stress (MPa) Axial strain at peak (με) 
% increase or decrease 
Peak axial stress Axial strain at peak 
C-C 
2 53.1 7153 – – 
4 83.4 9908 57.1 38.5 
6 118.7 12,171 123.5 70.2 
C-CM 
2 62.2 3149 – – 
4 66.3 3346 6.6 6.3 
6 74.8 3427 20.3 8.8 
C-E 
2 95.0 14,974 – – 
4 106.8 12,807 12.4 − 14.5 
6 117.9 12,370 24.1 − 17.4  
Fig. 21. Predcited failure of GFRP using different number of laminates and different diameters.  
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slight reduction is observed in lateral strains of wrapped grout infills (Fig. 21b). This could be correlated with reported results in the 
literature [25,79,88] which showed that the number of FRP layers significantly influences the axial strength and strain enhancement 
ratios with no noticeable influence on lateral strains. In addition, a reduction in lateral strains could occur with increased number of 
FRP layers as declared by Rodsin et al. [62] which indicated that this effect can reduce with increased strength of wrapped columns. 
However, epoxy infills exhibit a significant increase in lateral strains when six GFRP laminates are used and this could be attributed to 
the formation of localized failures near the top and bottom ends of column (Fig. 21c) with no signs of post peak response as shown in 
Fig. 20c indicating a brittle mode of failure. 
4.4.2. Influence of diameter of wrapped column 
The size effect of structural columns is also an important parameter that influences the compressive behaviour of GFRP-wrapped 
infills as in real field applications, large column sizes are usually used. The FE analysis, in this study, was utilized to investigate the 
effect of the column size on the axial stress-strain behaviour of the GFRP wrapped infills. Two different core diameters were chosen to 
be 2 and 3 times the core diameter used in experiments. However, the height to diameter ratio was kept at 2 in order to compare the 
obtained results. 
Fig. 22 a–c present the predicted axial stress-strain behaviour of concrete, grout and epoxy infills, respectively due to changing the 
diameter of wrapped columns. It is observed that the peak stress of concrete reduces by 27.3 % and 39.2 % when the core diameter of 
infill increases to 320 mm and 480 mm, respectively, compared to a core diameter of 160 mm as shown in Table 10. This corresponds 
with [89] which reported a significant reduction in axial strength of wrapped concrete columns when the thickness of outer composite 
remains the same with increasing diameters. The aforementioned study also confirmed that peak axial stress and corresponding strain 
can substantially reduce with increased diameter of cylinders. Nevertheless, increasing the diameter of infill has negligible influence 
on the initial modulus of wrapped infills. In addition, the effect of increasing the diameter has a negligible effect on the GFRP lateral 
strains at failure of concrete infills (Fig. 21a) while a slight increase can be observed in the wrapped grout infills (Fig. 21b). Inter-
estingly, the increase in the diameter of epoxy infills from 160 mm to 480 mm could change the failure mode from localized failure at 
the top of cylinders to be distributed around the mid height (Fig. 21c). This change in failure mechanism provides a more ductile 
behaviour in the post peak response as can be seen in Fig. 22c. 
Further experimental works, however, are recommended to explore the accuracy of the proposed models in predicting the 
behaviour of GFRP-wrapped infills with varying GFRP thickness and infill diameter. 
5. Conclusions 
In this study, the behaviour of unconfined and GFRP-wrapped infills has been studied under the effect of axial compression. 
Extensive material characterization combined with FE simulation have been implemented to explore the effect of GFRP repair system 
on the axial compressive behaviour of three different infill materials. Moreover, parametric analyses have been carried out to 
investigate the influence of different parameters on the axial behaviour of GFRP wrapped infills. Based on the results, the following 
conclusions can be drawn:  
• The axial strength and modulus of elasticity of the GFRP wrapped concrete and grout columns is increased substantially compared 
to their counterpart unconfined columns. However, the effect of GFRP confinement on strength and modulus of elasticity of epoxy 
infills is negligible.  
• Increasing the compressive strength of infill with same confinement configuration can influence the failure mechanism, for 
instance, the use of high strength infills could shift the mode of failure to be brittle.  
• The dilation capacity of grout infills is improved effectively due to confinement by enhancing the lateral strain at peak by 129 % 
compared to the unconfined columns. In contrast, the confinement of epoxy infills enhances the lateral strain at peak by only 15 %. 
Fig. 22. Predicted influence of column diameter of infill cylinders on axial stress-strain behaviour.  
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• The FE simulation results demonstrate a close agreement with the experimental results with largest discrepancy of 13 % for 
predicting the axial strain at peak of GFRP wrapped grout infills. Thus, the adopted FE approach provides a useful tool for 
investigating the confinement influence of GFRP composites on columns subjected to axial compression. 
• The FE analysis results reveal that GFRP-wrapped grout infills exhibit the most uniform axial stress and GFRP lateral strain dis-
tribution over the height of cylinders. Also, the experimental failure patterns were accurately traced by the visualized FE failure 
modes.  
• The parametric study results show that increasing the GFRP thickness as well as the diameter of infill columns can influence the 
axial stress-strain behaviour, however, the contribution induced is depending on the properties of the infill material. The FE 
parametric results also indicate that as the size of epoxy column increases, the mode of failure could change from brittle to ductile 
manner due to minimizing the localized failures. 
The conclusions in this paper are based on the experimental work of 18 columns of three different infills and the results are limited 
to the effect of PileMedic™ bidirectional GFRP laminates on the behaviour of the investigated infills. Further experimental and nu-
merical investigations would be required to verify the performance of the unconfined and GFRP wrapped columns of different 
properties. 
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